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ABSTRACT

The sea breeze circulation was investigated using a combination of acoustic doppler
sodar. doppler lidar and conventional observations in central California on the coast of
.Monterev Bay in September 19S7. The study was called LASBEX (Land Sea Breeze

EXperiment) and used the combined effort and resources of the Naval Postgraduate
School (NPSi. NOAA Wave Propagation Lab (WPL) and Naval Environmental Pre-
diction Research Facility (NEPRF).

A monostatic three-axis phased-array doppler sodar was able to detect the various
features of the sea breeze front, which has many of the characteristics of a gravity head
C1...rrent produced i-, a,:atur:; cxpcmncnts, such as the longitudinal vortex. lobe and
cleft structure, and strorg regions of turbulence and convergence. Profiles of the wind
field and its component variances were generated every five minutes. Vertical velocities

up to 1.0 m s were detected in the updraft region at the front. Vertical velocity fields
vere used to derive the horizontal divereence associated with the sea breeze and values
of conv ergence in the range of-4 x l(1 3s- ' and greater were calculated. These are believed
to be more accurate values than any found in previous sea breeze studies.

Doppier lidar radial velocitx information was useful in mapping the various layers
and wind structure of the sea breeze. The wind field of the sea breeze seen by the lidar
was compared with the sodai. The results of this comparison showed that the sodar was
well suited to investigate features under 600 meters in height, such as the updraft region
behind the front and the variance of the wind, whereas the lidar was better at describing
the larger scale flow. such as the return flow of' the sea breeze. the convergence zone
along the sea breeze front and prevailing synoptic winds. Together. these instruments
gave a c omprehLnsive and complete description of the sea breeze frontal structure. evo-

lution and movement.
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1. INTRODUCTION

A. GENERAL DESCRIPTION

The land-sea breeze is a diurnal mesoscale circulation that occurs on sea coasts due

to the differences in surface temperatures between the land and sea. A typical horizontal

temperature gradient is IVC 20 km (Atkinson, 1981). This situation induces a thermally

direct circulation thait alternates between onshore or sea breeze and offshore or land

breeze. The circulation occurs during the day due to solar heatine of the land which

warms taster that the sea. This results in a horizontal pressure gradient with slightly

higher pressure over the land. The pressure diflerential causes air to flow at higher levels

towards the sea. thereby leading to convergence aloft. The resulting counter-flow at the

surface is the sea breeze. lig. 1. shows a lake breeze circulation, which has a similar

structure as the ,ea breeze circulation.

The land breeze is due to the same thermal structure except it is re ersed. At night.

the land loses heat quicker than the sea aiJ. therefore. Sets up a circulation opposite to

the sea breeze. In both cases, the flow at the surface is from the cooler region toward

the warmer region. By comparison, the sea breeze is the stronger circulation. since the

heating of the land provides for a more intense heat source to drive the flow.

The sca breeze occurs more frequently given a weak horizontal pressure field

(lstoueC. 1962: Simpson et al.. 1977). This is because the thermal efthcts have to altcr

any existing conditions. If the existing pressure field is strong enough. the resulting

uradi'.'nt winds can overweln the land-sea breeze effect.

Under some conditions, an offshore gradient wind will generate a frontal zone at

tie leading cde of a sea breeze .\tkin, on, 19 1). Estoque 1962) notes in his model

that an ol 110oi how counter to the sea breeze \iil enhance the horizontal temperatuI C

gradient. The sea breeze front is also characterized by gradients in humidity, wind speed

and wind direction. This sea breeze front is similar in form to a synoptic scale cold fiont,

because the cooler moist marine air is advancing into the warmer dry land regime.

Passage of such a front is a measurable feature and can induce significant mesoscale

meteorological phenomena such as showers, thunderstorms and gusty winds (Pielke,

1974: John. 1950: Richiardone and Pearson. 1983). T'he horizontal extent of the sea

breeze is large enough that it can develop a component parallel to the coast due to

coriolis deflection (l)cfai1. 1951: Walsl. 1974).
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Fig. I. Typical Lake Breeze Circulation. (from Keen and Lyons. 1978).

B. MOTIVATION FOR THE STUDY OF LAND-SEA BREEZE

The land-sea breeze circulation and sea breeze front can affect the dispersion of

aerosols and pollutants over a wvide area. This effect has been observed and modelled

manv times (Lyons, 1972: Lyons and Olsson, 1973; Antcs, 197S. Kondo and Gambo.

1979; Kitada et al., 19S6. Ogawa et al., 1986). In a sea breeze, particulates and gases

can be carried inland over long distances. Collis and Russell (1976) summarized some

of the important effects that particle pollutants have on climate, such as cloud forma-

tion, precipitation and transfer of solar radition. Pollutants can enhance cloud forma-

tion and result in acidic rainfall. Particulates and gases can block incoming solar

radiation and trap outgoing long-wave radiation.

In the case of lidar (light detection and ranging) sensors, concentrations of

pollutants such as NO,2 and SO, can attenuate or distort the return signal so that infor-

mation may be rnsinterpreted (Measures, 1984).
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Measuring the intensity and mapping the structure of the sea breeze can give a

better understanding of how particles are transported and dispersed. Satellite data could
be used to detect a sea breeze occurrence. In addition, forecasts of pollution events may

be feasible. Surface data also can he used to evaluate satellite observations of the
planetary boundar,. la',er and the mesoscale features that occur during the sea breeze.

C. PREVIOUS STUDIES
A study was conducted by Johnson and O'Brien (1973) of the sea breeze along the

Oregon coast. In their study, the sea breeze was found to have a maximum depth of 700

meters. with a maximum speed of 7.5 in s at the surface. The zonal wind was utilized

to describe the variability of the sea breeze because of the north-south orientation of the

Oregon coast. Tile inla, d penetration of the sea breeze front was up to 60 km. A return

flow was lound between l(')0 and 1500 meters. Johnson and O'Brien made the following

observations: the low-level onshore flow of the land-sea circulation was located entirely

within the marine layer: the marine layer tends to deepen briefly at the onset of sea

breeze due to the low level convergence ahead of the sea breeze front: thle return flow

above the inversion appears to be in the form of surges. probably in response to the

surges observed in the sea breeze; and a distinct wind maximum follows the sea breeze

front inland.

Simpson, et al. (1977) observed sea-breeze fronts that penetrated over 45 km inland

with some fronts moving as far as SO kin. These fronts had an average advance speed

of 3 in s. They also showed that the structure of the sea breeze front is similar in

structure to gravity currents produced in laboratory water-tanks.

.Mitsumoto et al. (19S3) conducted a laboratory experiment which used a water-tank

to simulate the sea breeze. This experiment reproduced many of the characteristics of
the sea breeze lio. suc!h as str;iGn vertical motion at the leading edge of the sea breeze.

compensatinl flow aloft and production of longitudinal convective vortices within the

sea breeze flow.

Ogawa et al. (1986) observed the gravity head structure reproduced by Mitsumoto's

laboratory experiment during a lake breeze. Ogawa's experiment utilized a kytoon-

mounted ultrasonic anemometer-thermometer to measure instantaneous wind and tem-
perature in order to observe the turbulent structure of the lake breeze. He found that

the penetration of a lake breeze produced an upward rolling motion within the head of

the fiont. lie recorded upward flow velocities around 3 m s. Ogawa found that the
temperature profile had peaks indicating the frontal passage. These peaks were due to

3



the boundary between the off, hore wind aloft and the lake air below. Another feature

that was observed was the development of the Thermal Internal Boundary Laxer

(TIBL). The TIBL develops due to the temperature discontinuity between the land and

the water (Stunder and Sethurman. 19S5). The I IBL plays a significant role in the

fumigation of coastal pollution that is ad\ected into it.

Estoque's (1962) model had a maximum penetration of sea-breeze front of 32 km

and a minimum penetration of IS km. The maximum penetration occurred during calm

initial conditions and the mminimum penetration occurred during offshore counter-flow.

Pearson et al. (1983 used a model and found that with a mean flow perpendicular

to the coat, the speed of the sea breeze front is a linear function of the onshore com-

ponent of the mean flow. Ile found that the maximum vertical velocity in the front at

an ui';ei time was not affected by the mean flow. Another characteristic that Pearson

found was that in a negative shear case (upper flow is from land to sea), there ,vas an

increase in the vertical extent of the sea-breeze front.

For a genern! descriptive sunnmary of sea breeze studies. Atkinson (1981 provides

a comprehensive review from many locations and experiments.

D. LAND-SEA BREI ZE EXPERIMENT (LASBEX)

A measurement program was conducted in the Monterey Bay area in September

19,. to understard *11i: structure of the land-sea breeze effect and generate data to

evaluate rmany of the models which have been used to demonstrate the behavior of the

air f'low. This experiment was unique because it utilized a varied array of instruments

including doppler acoustic sounder (sodari. a doppler lidar. rawinsonde launches over

the the sea. radiosonde launches over land, conventional surface recordings of temper-

ature. humidity and wind and corresponding observations by the NOAA 9,10 and GOLS

satellites. This combined instrument analysis allowed for comparison of the data among

many sources. The final result will be a comprehensive view of the land-sea breeze in-

tensitv and structure. This study focuses on data from one sodar supplemented by lidar

observations.

The products obtained from the sodar data were the height of the marine boundary

layer and time-height cross sections of wind direction, wind speed, vertical velocity and

the standard deviation of the vertical velocity. From these it was possible to compute

time-heieht cross sections of horizontal divergence and turbulent kinetic energy. The
time-height cross sections will be compared with conventional data obtained from
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radiosonde, rawminsonde and surface observations. The boundary laver height observa-

tions wil be compared with the time-height and conventional data.

The lidar provided pictures of tile radial wind field in the sea breeze front. The lidar

observations w ill be compared with the sodar to find differences between the instruments

ability to map the sea breee front and measure the associated wind field.

The combination of lidar and sodar has been applied before to analyzing the at-

mosphere. However, the two instruments have not been used to study the sea breeze

circulation. Russell et al. (1974) used the combination to observe the atmospheric

boundary layer in an urban environment. One comparison in Russell's study was the

ability of either instrument to detect subsidence. In the case of the lidar, detection was

degraded because aerosols tend to be excluded from descending air. For the sodar. the

tenperature gradient associated with a large-scale subsidence inversion is easily detect-

able. Lopez (1977) used the combination to study the properties of convec Lic ctivitv

and sma!l cumuUs fornation. This combination is eff'ective since either instrument can

detect different featurc to give a better overall picture of the atmosphere.

The o!bjc:tive of this thesis is to evaluate tie effectiveness of the sodar in the de-

tection and mappin2 of sea breeze events and to compare its measured wrind field with

that of the lidar. A case study on 16 September 1987 is presented. An overall look at

typical characteristics cf the sea breeze in the Monterey Bay Salinas Valley will be gen-

erated for use in other studic,. such as aerosol transport or the evaluation of satellite
imagecry.
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11. DESCRIPTION OF EXPERIMENT

A. LOCATION OF THE EXPERIMENT

.. SBIAE Nwas conducted from between 15 and 30 September 1987 on the Monterey

Bay coast. The collection of data started at 1200 Pacific Standard Time (PST) on 15
September and ended at 1300 PSI on 30 September. All instruments were operated

continuouslx except the contracted research vessel Silver Prince, which was stationed in

Monterey Bay to monitor surface wind. temperature, humidity and pressure as well as

launch rawxinsondes. The ship collected data from 1000 PST until 1600 PSI on various

daxs throughout the experiment. The instruments evaluated in this paper were the

Pennvlvania State University (PSU) sodar and the NOAA Wave Propagtion Laboratory

(WPI.) idar. The sodar was located southeast of Castroville at the mouth of the Salinas

Valley. The lidar was located on a flat knoll approximately 1.5 km from the coast.

southeast of Moss Landing. It was on a line of 310' with the soda,. which approximated

the orientation of the Salinas Valley. The separation between the sodar and the lidar
was 5.5 kin. The Silver Prince was stationed in Monterey Bay approximately 16 km from

the lidar location. The three main instrument locations are shown in Fig. 2.

The terrain around the sodar site was at elevations of less than 30 meters. with ele-

vations greater than S0 meters northeast. starting 2.5 km away. The interference caused

by the town of Castroville was considered mJinimal for the experiment. The terrain sur-

rounding the iidar was generally flat with higher elevations to the north and east. Io the

east the terrain rose to levels of' 100 meters and greater, up to 400 meters. To the north.

the terrain generally had a maximum elevation of 150 meters. North-northeast of the

lidar. Elkhor. Slough, a brackish inlet. interruped the elevated terrain.

At tie lidar. sodar and ship, twenty-second averages of vector wind velocity, air
temperature. relative humidity and surface pressure were collected at the stations during

the experiment. Radiosondes were launched at the sodar station at the discretion of the

research team, coinciding with significant changes in the environment.

Satellite AVHRR imagery during LASBEX was available from the Scripps Institu-

tion of Oceanography.

B. ACOUSTIC DOPPLER SODAR

During LASBEX, the doppler sodar was used to monitor the acoustic backscattered

energy of turbulent fluctuations in the atmosphere. The sodar is a 3-axis monostatic
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Fig. 2. Location of Silver Prince, Lidar and Sodar: The Silver Prince was at lo-

cation A. The Lidar was at location B. The Sodar was at location C. Ele-

vations are in feet. Distances are in kilometers.
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doppler system manufactured by Nontech and consists of a phased array of 25

transducers which'operated at a frequency of 1600 hertz. The pulse repetltion interval

is I) seconds per beam. giving a cxcle time of 30 seconds between tile 3 acoustic beams.

Two ccle were integrated per minute. A wind profile was sampled every five nunutes.

giving an effective number of 10 cycles per record.

The sodar uses sound energy to detect the small-scale tempcrature fluctuations and

discontinuities in the mean temperature profile (Crease et.al.. 1977: Koracin and

Berkowicz. 198S). The addition of doppler capabilities allows for the recording of wind

speed and direction (Kaimal and Haugen. 977). The backscattered energy provides in-

formation about the height of the marine boundary layer, wind speed. wind direction.

vertical velocity and vector winds. Neff and King (1988) demonstrated that the sodar

can give indirect spatial and temporal information on both the location and thickness

of turbulent layers. In addition. Neff was able to identift mxiing processes in the

boundary laver. Small mixing processes could be attributed to turbulence. where as

large processes could be associated with effects such as Kevin-I lelmholtz instabilities.

C. DOPPLER LIDAR

The iidcar used during LASBEX was the WPL 10.6 micron doppler v,.,'n1. The lidar

operated under computer control and had real-time data processing and color display

capabiiites. Tile system could compute the zero, first and second moment of tile echo

spectrum for each range gate. For LASBEX. the lidar was operated in the rance-height

indicator (RItlI and plan postion indicator (PPI) modes. In RIll. the beam of the lidar

sweeps in a IS0 arc from foward to overhead and then behind the instrument. In PlII.

the beam] sw eeps at a fixed angle of elevation from the horizon in a 360 circle around

the lidar. the path describing an inverted cone. In both modes, the display ofinforma-

tioi is of the radial elocit\ relative to the lidar. Familiarity with a doppler presentation

is rcquirW'd to a:nal cze the PPlI display:. This analysis is similar to a doppler radar 1~l

and is described in Wood and Brown (1983). In RHI, the lidar beam was aligned parallel

to the axis of the Salinas Valley with an orientation angle of 140'. or east-west with an

angle of 90', with the preferred orientation being east-west. This was because
climatological recoi Is indicated that the sea breeze blew from due west in the Moss

Landing area. In PPI, the elevation of the lidar beam was 1V and 50. The 1V beam

shows the low level structure below 200 meters, whereas the 50 beam gives structure

above 300 meters. These values were determined triginometrically. Table I lists some

of the clear-air radial velocity parameters of this instrument:
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Table 1. VPL DOPPLER RADAR CAPABILITIES
lxpected range 10-15 kin

Ramwe resolution 140-40 in

Beam width < 0.1 degree

Pointing accuracy 0.1 degree

Accuracy of radial velocity measurment > 1.0 m s

Operation modes PPI. VAD, RIII. ran2e-time. raster-scan

The idar uses the backscattered energy of a laser from gas molh,,les and

particulates to detect atmospheric features such as clouds or aerosol layers. Collis and

Russell (1976) cited an example of how lidar was used to find the depth of the mixed

laver or determine the heights of inxersions. which can aflect the dispersion of

pollutants. Noonkester et al. (1974) was able to de: ct Kelvin-Hehnholtz instabilities in

the boundary-laver. In clear air. a lidar can detect the stratification associated with a

deep stable boundary la. er.

D. SURFACE MEAURE.MENTS
A portable coastal meteorological station was used to take 20-second averages of

wind diretion, wind speed, air temperature. relative humidity and barometric pressure

at the suriace. This instrument used a propeller anemometer to measure wind speed.

.\ sellaspirated thermometer and hygrometer measured air temperature and relative

humidity. Wind direction was taken from a vane that gave angles \with respect to true

north. The ranges of the instrument errors were: + 50 for wind direction: ± 0.3 m s for

wind speed: + 0.30 for air temperature: and + 5-% for relative humidity.

E. SYNOPTIC SITUATION BETWEEN 16-30 SEPTEMBER 1987

On 16 September. California was under the influence of a surface high pressure

system off the coast and a local thermal trough in the center of the state. The winds

were northerly to northwesterly between 5 and 10 knots. This configuration continued

to influence the west coast from 17 to 24 September. Fig. 3shows the synoptic situation

during this period. Around the 25th. a short wave which was detectable at the 850 mb

level began to pass through northern California from the northwest. This wave built up

a strong thermal gradient off the coast of California, providing an increase of cold ther-

mal ad\ection. This ,a as the most significant feature associated with an actual synoptic
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frontal passage during LASBEX. Fig. 4 shows the short wave location. Winds during

this wa e -ssage were mainiv northerly ith speeds averaging 7 m s or more. After the

passage of the wave on the 26th. high pressure off the coast and the thermal trough in

the center of the state were reestablished. This weather pattern persisted for the re-

mainder of the experiment.

The combination o a high pressure system over the eastern North Pacific Ocean

and a thermal trough in central California is the typical summmer and early autunm

synoptic pattern. This situation accounts for the common Monterey Bay pattern of lov

clouds and fog with light and variable winds during the night and morning. A tropical

disturbance named 'Otis' formed west of the Baja Peninsula during the 23rd but did not

significantly afkct surIHce and lower level flow during that part of the experiment.
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in degrees Celsius.
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I11. DATA AND ANALYSIS

A. SODAR THEORY

1. Basic Sodar Theory and Turbulence in the Inertial Subrange

This discussion of sodar theory and operation follows Underwood (1981). The

sodar utilizes the backscatter of acoustic energy to determine certain parameters in the

atmosphere. The relationship between the acoustic power emitted and the backscatter-

ing cross section is defined by the sodar equation.

P(RI = P, L, eC(7).(.1
S R- .4, 1 r

where

P(R) = recceied acoustic power (watts).

P., = transmitted acoustic power (watts),

A = cross sectional area of the receiver antenna (n 2),

G = antenna gain factor.

L,= length of the acouasic puke in space (m).

5. = path averaged molecular attenuation coefficient (m- 1),

R = distance from the scatterer to the receiver (m.

A,
- "excess" attenuation andAo ' -17

a(-) = backscattering cross section (m-1 ).

The backscattering cross section can be related to the temperature structure

parameter , and the velocity structure parameter Q, as shown by Little (1969). These

structure parameters indicate zhe intensity o," high frequency variations of temperature

or velocity. Explicitly. the backscatter cross-section is

13



I I+
-= .C T "- -cOS(- +0.13-- (sin-3

where

a,-r. = backscattered acoustic energy,

c = speed of sound,

T= absolute air temperature,

C = velocity structure parameter and

C}. = temperature structure parameter.

Turbulent imixig in clear air causes fluctuations in potential temperature and

water vapor which scatter and attenuate the acoustic energy in the sodar signai. The

bakscatte~n cross section determines how much energy is returned to the sodar .-

tenna alter attenuation b% the turbulence. Turbulent eddies with a size equal to one half

the wavelen,,th of the emitted acoustic energyv (Russell! et al.. 194) are detectable
with a sodar. Eddies of this size 1;21! within the inertial subran2e of turbulence and are

assumed to be isotropic. Energy relationships in the inertial subrange follow the

KolmoeoroI description of isotropic turbulence. The backscattered data are processed

uslne, Iust Fourier Transforns TFFI) to establish the frequency shift due to the radial

components. The two main fields which the monostatic doppler sodar can map are the

timal structure and the mean velocity field along with its variances.

a. Thermal Structutre

Nlu'ccular attenuation is described by Sutherland (1975) and Piercv et al.
(197" as those elf'ects at the molecular scale which influence the propagation of energy

through 7a medium such as air. The factors which cause molecular attenuation of sound

energy are due to thermal, viscous and diffusive effects as well as rotational and

vibrational losses on the molecular scale. The molecular attenuation increases with fre-

quency and is the limiting factor in the maximum usable frequency in a sodar. The lower

limit is based on antenr size. "Excess" attenuation is due to turbulent spreading of the
beam pattern (Brown alid Clifford. 1976). Any of the sodar signal that is not attenuated

can be sattercd back to tOc receiver by turbulent eddies according to (3.2).

14



As the lipse rate changes in the atmosphere, any mechanical turbulencc will

create sna'l eddies that backscatter the acoustic energy. The monostatic sodar (H =

1SO0 ) gives an indication of the changes in tie lapse rate along the beam path. which can

be related to thernul structure (Wvckoff et al., 19-73). In a monostatic sodar, only

temperature fluctuations contribute to received power according to (3.2).

b. Velociyri Structure

Doppler processing is used to derive the velocity structure. This discussion

follows Peterson (19SS) in a handbook on doppler wind profilers.

/;1; Basic Setup, of 4 Doppler Sodar. The sodar emits sound energy at a

narrow band of frequencies and is reflected bx turbulent eddies and temperature fluctu-

ations. A frequency shift kdoppler shift) is caused by any motion on the same axis as

the sodur beam and is proportional to the speed of that motion. By measuring the

doppler shift, the radial velocity of the scattering volume can be calculated. In order to

obtain a wind velocity, Doppler shifts from three axes are required. The configuration

of the sodar is to have one bean directed overhead, with the other two at perpendicular

cardinaI heading, (i.e. north and easti. The beams are typically pointed at hieh ele-

vations, so that they are sampling nearly the same flow. The vertical velocity from the

beam directed upwards can be subtracted from the other two. leaving the horizontal

components of the wind vector.

The sodur used during LASBEX consists of 25 separate transducers.

Using electronic phasing. these transducers were fired at different times in order to direct

the acoustic beam. If there was no phasing between all the transducers. the beam would

travel directly overhead. By dcla ing the time that each transducer emitted. the beam

of acoustic energy can be directed at diltcrent angles.

(2; Rai-e ,,'losing. The signal friom the sodar must be of a pulse repe-

titon frequency (PRF) that precludes aliasing. Aliasing occurs when the the signal From

the current pulse is overlapped by return signals from the previous pulse. These over-

lapping signals k il be erroneously interpreted. This type of aliasing is called range ali-

asing because a return from a distant scatterer could be mistaken for a closer one. The

time between pulses must be long enough to prevent this effect. The effective height that

the sodar can function without range aliasing is determined by the following equation:

Riax- 2 x PRF (3.3)

where
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Rm x = naxinium ranc. (m i)

c = speed of sound in air (m/s)and

PRF= pulse repetition frequency (s-1 ).

The maximum height that the PSU sodar was set to detect is 750 meters, which is about

half its maximum range, and only information starting 50 meters above the surface was

recorded. These settings effectively avoided any range aliasing during the experiment.

/3l Velocitv ,4liasing. Only doppler shifts of certain frequencies can be

determined without error. Doppler shifts that are either too large or too small will be

incorrectly mistaken for other velocities. This is called velocity aliasing. The frequency

limits for which a doppler shift can be interpreted correctly rely upon the saniping rate.

The optimum selection is to have a sampling rate as high as possible. However, there

must be balance between velocity aliasing which requires a high PRF and range aliasing

which requires a small PRI. The wind speed data during LASBLX showed no extreme

values and therefore velocity aliasing was negligible.

,4) Daia Prc'ssing. For each detection cycle, many samples are gath-

ered and conerted into a frequency spectrum using the Fast Fourier Transform tech-

nique. Doppler shifts in a frequency spectrum show up as peaks offset from 0 or the

no shift position. Motion towards the ;odar is indicated by a positive doppler shift. A

neCative shift indicates motion away from the receiver. The doppler shift is converted

into . radial velocity component of the wind. The height of the frequency peak is a

measure of received power and the width of the peak a measure of :pread of the acoustic

energy over frequency. The spread of energy is directly related to the standard deviation

of radial velocity. Using deviations of radial velocities among the three beam,. the

standard deviations of each velocity component (G. a,, r.) can be calculated.

The preferred method is to sample in the time domain. so that several

consecutive samples can be gathered and averaged before conversion into the frequency

domain with an FFT. A mean frequency spectrum is calculated from several consecutive

frequency domains to generate a spectral average, which gives a better indication of a

doppler shift in the signal. The background noise is filtered out to better refine the fre-

quenc. peak. This cycle of sampling, conversion, averaging and filtering is set by the

user and t-pically lasts one or two minutes per beam. The PSU sodar integration oc-

curred over 60 seconds, with each beam sampled every 10 seconds.
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B. LIDAR THEORY

The !idar uses the same principal as the sodar to analyze the backscatter from a

pulse of energy. The lidar utilizes a laser beam to emit pulses of high intensity light that

will be reflec _J from gases, aerosols and particulates. A general form of the lidar

equation is gi'en (Russell et al.,1974):

Pr(R) = P, - R2 flR)t2(R), (3.4)

where

Pr(R) = received power from range. (R)

P. = transmitted optical power,

c = speed of light in air.

= duration of laser pulse.

,-I = effective telescope aperature,

f# R) -Optical volume backscattering coeflicient and

t(R)= Optical transmittance of atmosphere.

This equation is similar in form to the sodar equation (3.1), except that the lidar

equation is dealing with electromagnetic enerex. whereas the sodar equation deals with

acoustic energy. The received signal fion the lidar is a function of the optical properties

and concentration of the backscattering volume. Since gases and aerosols have different

effects on the attenuation of light, the received energy can be analyzed to determine what

causes the scatter.

Aerosols and gases are distributed by the winds and are trapped in layers due to the

stratification of the atmosphere. The detection of these gases and aerosols gives an in-

dication of the mean wind field and the degree of stratification. The doppler lidar uses

the same principle of operation to deduce radial velocities as the doppler sodar.
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C. SODAR CROSS SECTIONS

1. Time-Height Cross Sections

The wind vector data at the sodar were collected and stored on floppy disk files

in tabul.r form, with a header indicating the date and time of the record. The data were

recorded every 25 meters in the vertical, beginning 50 meters from the surface up to and

including 750 meters. These files were transferred to the mainframe computer at the

Naval Postgraduate School on mass-storage for consolidation into separate files of wind

speed, wind direction, -ertical speed, and c., a, and a. These consolidated files were

plotted in time-height cross sections. Time for the records was in Universal Time Co-

ordinates LTC). but cor-';rted to decimal days for plotting. The conversion from UTC

to Pacific Statndard Time (PST) is to subtract 8 hours from UTC. Plots were generated

in the foilowving formats: 24 hours up to 750 meters. four hours up to 350 meters and two

hours up to 550 meters. The two and four hour plots were centered as close to possible

to the passage oi the sea breeze front. The 24-hour plots started and ended at 060 local

time ( 1-40 ITC or ().5S33 decimal day). The raw data from mass-storage were read and

set to a standaid rid with a resolution of five minutes on the abscissa and 25 meters

on the ordinate. The density of the grid depended on the time and height resolution of

the desired field (i.e. 24-hour plots with 750 meter heights were 29 by 288, whereas two

hour plots with 550 meter heights were 19 by 24). Contours were fitted to the standard

erid usim: a rational spline interpolation scheme. Plots were generated and checked -or

bad datat, whih showed tip as unusually strong gradients surrounding a single point.

Vertical records were manually checked for consistency and errant readings were re-

moved bx comparison to adjacent values. The two hour cross-sections of wind direction.

wind speeu. c iciial 'elocity and c. are inciuded as appendices A. B. C and D. The

2--hour cross-sections of wind direction and wind speed are included as appendices E

and F.

D. DERIVED DATA

I torizontal divergence and turbulent kinetic energy were derived from the velocity

and ,. c, and t7, fields respectively and plotted in the same format as the velocity fields.

lorizontal divergence was determined from the continuity equation for

incompressible flow:

( 4 + + --:- =O. (..)
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The divergence was calculated from the vertical velocity field such that

VH - V ' . (3.6)

This calculation was simple, since the vertical velocity component of the wind with re-

spect to height was readilx available from the sodar data.
The turbulent kinetic was determined using the values of a,, 0, and 0. as follows:

1 2 (3.7)e= 7 "+C +a).

where e equals turbulent kinetic energy.

E. ANALYSIS Or TIAlE-HEIGHT CROSS SECTIONS
1. Wind Direction

a. Wind Direction Gradients and Onset of Sea Breeze

The criteria that mark the onset of the sea breeze typically are the change
in wiid direction and increase of wind speed. The wind data from the sodar were ana-
lvzed to determine zhe degree of the wind speed change. A sharp change in wind direc-

tion with tinic which indicated sea breeze frontal passage was present in 10 plots during
LASEX. Wind direction was contoured with an interval of 300. Onshore wind was
considered 2-7u ° + 600 and ofl'hore 9W + 600. Up valley was 330 + 200. Down valley

was considered 150 + 20'. Frontal passage and the onset of the sea breeze was evident
when the wind direction showed a strong temporal gradient. The mean temporal gradi-
ent for sea breezes during LASBEX was on the order of a 90' clockwise shift over 44

minutes for a strong offshore flow and o~er 42 minutes for a weak offshore flow. The
fltest change occurred over 10 minutes during strone offshore flow. while the slowest

clianc occurred ovcr 104 minutes during weak offshore flow. 900 was selected as the
criterion to define sea breeze onset, when the wind turned through alongshore to
onshore flow, because the observed temporal wind shift was greatest over this interval.
The relative strength of the oflishore flows was divided into strong and weak flows based
on the preexisting winds below 400 meters before the onset of the sea breeze. The

4Q0-meter level was selected since it was the average depth of the established offshore
flow. Strong flows were considered 3 m's or greater and weak flows less than 3 m s.
There was no correlation between the sharpness of the front based on the temporal

cradient and the strength of the previous offshore flow. This agrees with the model
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result of Pearson et a!. (1 QS3) that the intensity of the sea breeze circulation ik unaltered

by the mean flow. Table 2 on page 20 lists the various gradients for sea breeze fronts

that were detected during LASBEX.

Table 2. GRADIENTS OF WIND DIRECTION AT THE SEA BREEZE
FRONT: p, = mean of strong off'shore flows, p = mean of weak off-
shore flows

Date Temporal Direc- Vert. Directional Offshore Flow (Strong
tional V(° main) V(° m) or Weak)

16 90 24 180 45 Stron g

17 90 14 180 25 Weak
18 9 7() 180 37 Weak

19 90 1( 18(.) 5( StronG

2( 9() o) ISO 1(15 Strong
21 W 34 180 45 Strone

22 9( ) 1 ( 0) Weak

_4()4 ISO IS4) Weak
17 90 S2 1 So 50 Strono

29 9() 56 ISO 50 Strong

p. 9o 44 18() 58 n a
u,, 9(1 42 184.? 83 n a

A shear layer was evident in the direction plots as a strong gradient in the

vertical. This shear zone indicates the boundary between the offshore flow and the sea

breeze. These gradients are shown in Table 2. The mean wind shift in the vertical was

IS1 over 58 meters arid S3 meters for the strong and weak offshore case, respectively.

It does appear that a strong offshore flow limited the vertical extent of the shear zone

and that a weak flow allowed a deeper region of directional shear, which agrees with the

results produced by Simpson and Brittcr (19SO) in a laboratory experiment, as shown in

Fig. 5 on page 21.

In the majority of the frontal passages, the wind direction change preceeded

a change in wind speed or vertical velocity. In all cases, the direction of the breeze after

the direction shift was 3000 ± 200,which was onshore and up valley.

The average onset times for the sea breeze determined at the sodar site by

the change in 'iind direction was 1742 UTC. The earliest onset time was at 1644 IjTC
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Fig. 5. Photographs of a Laboratory Gravity Head Structr nPealn

t! .s, ctr i rvaln

Flows: The top photo is taken during opposing flow. The bottom is

taken during accompanying flow. (from Simpson and Britter, 1980)

and the latest was at 18-0 UTC. The time for the increase in wind speed and in vertical

velocity were also tabulated from the sodar data.

Onset times were also determined from the surface data. Onset was indi-

cated by a change in wind direction and speed, temperature and relative humidity.

Shortly before sea breeze onset, the wind direction was very variable with the trend

chaning from offshore to onshore flow. W~ind speeds before onset decreased to near
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zero, then rapidly increased as the sea breeze front passed. Air tcmperature gradually

rose due to solar heating in the morning, peaked at frontal passage and then decreased

as the sea breeze was established. Relative humidity at onset increased quickly with

frontal passage and leveled off at the sea breeze continued. A typical surface record with

sea breeze passage is shown in Fig. 6.

In most cases, the wind direction shift was consistent with the observed

sodar wind change. The mean time of onset measured by the surface data was 1813

UTC. The earliest frontal passage occurred at 1715 UTC. while the latest passage oc-

curred at 1945 UTC. The variability of wind direction shifts in the surface measurements

and sodar as well as the absence of data on various days from both sources explains the

difference between the surface and sodar mean values. In Table 3. the times of onset

based on the surface data at the sodar site and the directional shift are shown, as well

as the times when the speed and vertical velocity increases occurred.

Table 3. TIMES OF ONSET FOR THE SEA BREEZE: sfcso= Onse, based on
Surface Measurements at the Sodar. sdir= Onset of wind direction shift
at Sodar. sspd = speed change at Sodar. svrt =Time of Maximum Lpdrafts
at Sodar. All times in _TC.

Date sfcso sdir sspd svrt

16 n a 1745 17 1/50 175()

17 1715 1714 1717 1715

IS 175() 174- 1S13 1750
1J ) I30 18 00 1S19 1 S20
2() n a 1644 1709 1659

21 n a 1729 1749 175)

22 ri a 1715 173) 173

23 1830 1830 1S o 1S50

25 1945 n a n a n a

26 1S55 n a n a n a
27 1830 1818 1824 1819

29 180O 1756 1801 1801
3) 1745 n a n a n a

p 1813 1742 1757 1752
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Fig. 6. Surface Data Record fromn 29 September 19S7 at the Sodar Site

b. Height and Duration of the Sea Breeze

Thc directional zradicnt which indicates the boundary between the onshore

and offshore flow could be followed in the 24-hour contour plots as the sea breeze

deepened. The maximum vecrtical extent of the sea breeze was determined for the 10

cases and had a mean elevation of 659 meters, and ranged between 570 and 800 meters.

The cessation time of the sea breeze was indicated by a counter-clockwise

turning of the winds, a decrease in the height of the sea breeze and the establishment

of offshore flow. Duration of the sea breeze was the difference between the onset and

cessation times determined from the directional data. The mean duration of the sea

breeze was 10.7 hours. The lonest duration was 13.4 hours and the shortest was 8.1

hours. The mean duration for the sea breeze was also determined using surface data

measurements at the lidar and soda-r sites. Using the surface data, cessation was when
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the wid direction was alongshore and the wind speed had dropped to 2 m s. The mean

durations calculatted using surtace data at the sodar and lidar were 10.2 and I 1... hours

respectively. A surnrunar% of maximum height and duration of the sea breeze is given in

T'abl 4.

Table 4. MAXIMUM HEIGHT AND DURATION OF THE SEA BREEZE

Date Maximum Duration by Duration by Duration by
tleight (meters) Sodar (h) Surfhce at Sodar Surface at Lidar

(h) (h)
16 60( S.1 n a n a

I !25 9 13.0 n a

iS 1 040 13.4 13.0 12.0

1S,)I (est) 13.0 n a n a
20 60(1 11.3 n a 11
21 n a na I

2(,K;) 11.5 n a n a
23 650 8.5 12.A 12.

25 n a n a 10.0 12.10

26 n a n a n a S
27 625 1.S 11 9

2S n a n a na 8

29 7o 12.2 1() l)

.t 659 10.7 11.4 10).2

In Fig. 7 on page 25. the increasing height of the sea breeze is clearly shown, as well as

the maximum height achieved and the decrease in the height with time.

c. Slope of Sea Breeze Fronts

TFhe slope of the sea breeze front was determined for the first kilometer

horizontally of the front and for the established sea breeze flow subsequent to the first

kilometer. The slope for the first kilometer of the front was calculated by measuring the

difference from the 50i meter level to the highest height of the onshore flow in the first

kilometer and dividing by the horizontal distance between these points. The slope for

the rest of the sea breeze was calculated by measuring the difference between the greatest

heigl't in the first kilometer and the greatest height of the onshore flow during rest of the

sea breeze. lorizontal distance was calculated by multipliing the time difference be-
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IFig 7. 24 Hour Directional Plot for 16 September 1987

tween the two heights by the speed of advance of the front. Speeds of advance were

found by, taking thc time difference between time of frontal passage based on the surface



data at the lidar and the time of passage at the sodar. For those cases where a speed

of advance could not be calculated, the mean speed of advance wa used. lhe mean

speed of advance during LASBEX was 2.5 m s. These speeds are listed in Table 5.

Table 5. SPEED OF ADVANCE OF THE SEA BREEZE FRONT: Times of
frontal passage are from the surface data, except in those marked ". which
are based on sodar data.

Date Lidar (UTC) Sodar (UTC) A t (h) Speed of Ad-
vance (m s)

1S 1720 1750 0.5 3.1

19 1700 1730 0.5 3.1
2() 153l) 1644* 1.5 1.0

21 1700 1729 :.  .48 3.2

23 1() 1830 1.5 1.0

25 1915 1945 0.5 3.1

26 Is15 1855 0.67 2.3

27 1S() 1830 Q.5 i'._

29 17)I 8 175() ).7 2.2
3()I 1-30 1i ()0 ().5 A

172 [ 1806 0.74 2.5

In the first kilometer. the mean slope was 1:12 for strong offshore flow and

1:10 for weak flow. The typical slope after the first kilometer was 1:94 for strong ofl-

shore flow and 1:160 for weak offshore flow. All the values except the subsequent slope

Ior the weak cases are similiar to ones cited in Simpson ct al. (1977). which were 1:- and

1:1) for the firs. kilometer and 1:100 for the subsequent portion of the sea breeze.

I lo\ve er. there were no slopes on the order of the one reported by I ielmis et al. (197).

which had a slope of 1:3 in the first kilometer. There appears to be no correlation be-

tween the degree of slope in the first kilometer and subsequent to passage. That is, a

strong slope in the first kilometer did not mean that the rest of the sea breeze also had

a sharp slope, and vice versa. This indicated that the sea breeze was very dynamic and
its velocity and structure changed throughout. its duration. The slopes for the sea breeze

fronts during LASBEX are sunnarized in Table 6.
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Table 6. SLOPE OF THE SEA BREEZE FRONT: p, = mean ofstrong offshore
ilo\w , u, = mean of weak offlhore flows.

Date Slope in first kilome- Slope after first kilo- O(lhore Flow
ter meter (Strong or Weak)

16 1:17 1:87 Strong

17 1:5 1:15s Weak

iS 1:8 1:2(15 Weak

19 1:6 1:153 Strong

21) 1:11 1:110 Strong

21 1:9 1:59 Strong
22 1:1-4 1:58 Weak

23 1:11 1:22( Weak

27  :15 1: 1oo Strong

29 1:16 1:56 Strong

t 1:12 1:94 n a
u,. 1:I() I:164) n a

2. Vind Speed

a. Sj'niops. of l'ind Speed Data During LASBEX

\ characteristic of the sea breeze that was investigated during this study ic

the difference in time between the change of wind direction and the incrcase in wind

speed and whether or not this time difference was affected by the previous offshore flow.

-lhe general structure of the wind speed field was also compared with the wind direction

field to see whether feazures. such as ,,hear zones, indicated in one agreed dimensionally

\with the other. that is if the heihit and width of the shear zone in one case was similar

to the other.

The wind speed data were plotted with contour intervals of two meters per

second for the 24 hour plots and one meter per second for the shorter plots. These plots

were analyzed for a continuous increase of wind speed with time. The mean time of wind

speed increase at the sodar site was 1757 UTC or 17 minutes after tl-.e shift in wind di-

rection. The mean temporal gradient was a 1 m s change over 55 minutes for strong

offsh3re flow and I m s over 21 minutes for a weak offshore flow. In this case, the

findin-s do not agree with Pearson's (1983) model that shows no relation between the

in1tenm;tv of the mean flow and the intensity of the sea breeze circulation. The results
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from LASBEX point to the shortcommnes that a model has in trxing to represent a d%-

narnic flow such as the sea brceze circulation.

There was a shear zone at the boundary between the sea breeze and the

offshore Ilow. The vertical gradicnt ofthis shear zone was a I in s chan2e over 40 mcters

for the strong case and 1 m s over .4 meters for the weak offshore flows. The level of

the wind speed shear correlated with the level of the wind direction shear. Table 7 lists

the gradients in speed.

Table 7. GRADIENTS OF WIND SPEED AT THE SEA BREEZE FRONT: u,
mean of strong offshore flow, t,= mean of weak offshore flows.

Date Temporal Speed Vert. Speed V(m s m) Offshore Flow (Strong
Von s mn) or Weak)

o o 1 96 1 40 Strong

11 22 1 46 Weak
I T1 4u I 5 Weak

I j1 34 13 Strong

I' I 1 1 o 1 24 Stron,g

21 1 66 1 36 Strong
22) 1 15 1 20 Weak

23 1 6 1 5S Weak

27 1 21 1 55 Strong
2(9 1 I 1 50 Strong

. 1 45 1 4) n a

_____ _ 1 21 I14-4 n a

3. Wind speed aSta frontal passage

The nliean wi:nd speed within three hours after frontal passage during LASIEN

was 5.3 m s for strong offshore flows and ranged between 4 and 6 m s. The mean for

weak offshore flow was 7 m s and was betweer' 6 and 10 m s. The wind speeds of the

sea breeze reached maximum intensity about the same time as maximun height was

achieved. The mean maximui speeds during the entire duration of the sea were 8.3 m s

for stong flows and 7 m s for weak flows. The maximum speeds ranged between 6 and

10 m s. Offshore flow was clearly present before the onset of the sea breeze. This flow

was considered the established land breeze and was usually confined below 400 meters.

lc mean speed of the strong ofnghorc flow was 6.3 m s and the mean of the weak
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offshore flows was 2.0 in s. All the weak offshore flows were 2 inl s or less. while the

strone- offsh lore flows were between -4 and S inl s. Tlable S on page 29) gives the variouIS

maxima of wind speed.

Table 8. MAXIMUM WVIND SPEEDS DURING THE SEA BREEZE AND
INIAXINIUNI, OFFSHORE FLOW: p.=mean of strong offshore flows.
Enmu sub w = mean of weak offshore flows.

Date MaIXImIum Speed I MatXimum.ll duir- Maximum Previ- Offshore Flow
after onset (m s) jugi Sea Breeze ous Offshore (Srngo

(ins)Flow: (in 5 Weak)

16 6 08Stroniz

V6 0 Weak

1' 6 6 2Weak

19 4 l() 6 Stronz

"(I 1Q0 Strone,
21 14j64 Strom-,

22 l j 1 Weak

276 0 2) Weak

2- 8 Strone1L
206 In6 Strong

876.3 11 a

I li~2

As the sea breeze established itself, the top of the onshore breeze increased until

it assumied a relatively conistanlt elevation. Above the this level, the return flow which

comipletes the sea brecze clirculation was detectable by thle sodar. Since the sodar signal

had little data past 7-70inete: s. the extcrnt and c.raeitcsof the return fio\m could

not, be 6ceriiiid. I lo-wever, tlie iiifortnation IiOnil thcL lidar clearly showed offshore

llowx onl 16 September that began around 400 mieters and extcnded vertically up to 16()-

meters.

4. Nrertical Velocit Structure
a. V er'tical V elocitY Mlaximna and Location of the L~draft Region

The vertical velocity was investig-ated in order to determine thle strength and

location of the updraft region in thle sea breeze front. Vertical velocity cross-sections

showved good correlation with both the wind direction and' speed cross-sections. Thle

maxllium in upwvard verltical veclocity occurr ed after thle wvind direction change and-. about
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the same time as the increase in wind speed (see Table 3 on page 22). The occurrence

of ' t e updraft region indicated the firont of the longitudinal vortex which is the major

current within the sea breeze frontal circulation. The mean maximum vertical velocity

observed after frontal passage was 0.56 m s, with the range of velocities between 0.2 and

1.0 i1 s. This vertical velocity is much smaller than the maximum velocity observed by

Ogawa et al. (19S6) of 3.0 ms; but similar to the values reported by Simpson et al.

(1977) of 0.7 to 3.0 m s and the average value that flelmis et al. (1987) observed of 0.5

m s. A sunmary of the vertical characteristics of the sea breeze is contained in

Table 9.

Table 9. VERTICAL MOTION CHARACTERISTICS OF THE SEA BREEZE
Date Y.l Vert. Ex- Max. Vert. Ve- Location of Ofshore Flow

tent (M) locity (m s) Max. Velocity (Strong or
__Weak)

lo] 223 0.6 10-15) Strong
17 j 35( 0.4 I()1-275 \Veak

I j 37f.) 1.0 5)-250 Weak

1) 2:) 0.4 50-200 Strong
21) 151) 0.6 50- 175 Strong

21 2()( 0.6 50-175 Strong

22 035 ().6 75-225 Weak

23 3._,_) ().1 75-350 Weak

2 1 220 0.6 5 l-1 Stron

29 I= 0.2 50- 150 Stron

,_ _ 2 , (1.5 5(- 167 n a

u, 35 ) 0.7 [ 75-275 n a

I fhe location of the vertical velocity maximum within the sea breeze

front Gravity head structure is shown in Fig. 8, where the longitudinal Nortex turns up-

ward.

The location of the updraft region was found to be related to the height of

the sea breeze front, which in turn was related to the strength of the previous offshore

flow. The mean location of the maximum vertical velocity was at 207 meters in strong

offshore flow and 359 meters in weak offshore flows. When offshore winds were strong

before the sea breeze, the updraft region started at a lower elevation and died out at aln
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Fig. 8. Flow regions of the Gravity Head: The stippled region is where the op-
posing flow is being overrun by the gravity head current (from Simpson
and Britter.l9S0)

average of of IS3 meters. and when the winds were weak. the updraft began around 75
meters and died out around 250 meters. These conditions both agree with the gravity

head structure in pre ailing flow that was observed by Simpson and Britter (1980). In
a strong opposing current, the eravitv head is flatter with the flow constrained to a
shallower region than in onshore or weak offshore flow. The leading edge of the onshore

flow also tends to have a more pronounced "'knee" where it is overriding the counter-

flow. (see Fig. 5 on page 21) The updraft in the onshore flow is higher, indicating some

influence from the counter-flow. Fig. 8 shows how the updraft is affected by the over-
running and elevated region at the front of the gravity head flow. The "knee" structure

of the gravity head current was apparent in all the sea breeze fronts investigated during

LASBEX.
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. Variations of the Vertical Velocity

The standiIrd deN iation of the vertical velocity was used to deternine those areas

of the sea breeze front that were the most turbulent. The standard deviation is higher
in turbulent regions and near zero in non-turbulent stable layers. The values for a. were

directly generated by the PSL sodar. These values were read and plotted in the same

manner as the other parameters. Generally, the values of a. decreased with height,
which indicated a reduction in the amount of turbulence. Vertical velocity fluctuations
were damped by the boundary at the base of the inversion. Table 10 on page 33 shows

the change of a across the front at 80 meters.

The values of a. did not consistently decrease with time at the lower levels (i.e

< 100 m) after the passage of the sea breeze front. In the majority of the cases, the
value of a increased by an average of 0.17 m s. with other maxima occurring at various

time in the established sea breeze flow. The changes in c. were between -0.1 and + 0.1

m s. Helnis et al. (19S7) observed that the values of a. decreased after the passage of
the sea breeze, whereas. Ogawa et al. (196). found that the values increased across the

front. The e\pianation given by Helmis was that the times of onset and the location are
the governing factors in the degree of turbulence generated by the sea breeze. In the
case of LASBEX. the onset of the sea breeze occurred early in the day. The variaticn

in vertical velocity was mainly due to mechanical mixing at and within the front. Helmis
observed sea breezes that passed in the early afternoon. The sea breeze in this case acted

to decrease the anount of thermal activity caused by the heated land. There appeared

to bc no correlation between the strength of the previous offshore flow and the chance
of a across the front. In the case study for 16 September, the behavior of G. will be

invetigated.

F. DERIVED DATA TIME-HEIGHT CROsS SECTIONS

1. Horizontal Divergence

Since the sea breezc front is an area of strong convergence, it was logical to

calculate the intensity of the convergence from the velocity fields. The horizontal di-

vergence was calculated using the vertical velocity field according to equation (3.6). The
divergence calculation using the vertical velocity field was straight forward, since the
sodar produced velocities as a function of z.
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Table 10. STANDARD DEVIATION OF VERTICAL VELOCITY ACROSS
THE SEA BREEZE FRONT

Date oG Beibre o. After Increase or De- Ofl shore Flow
crease (Strong or

Weak)

16 0.9 0.S Strong

17 (.S 0.8 no chance Weak

is 0.9 1.3 T Weak

19 1.0 0.9 1 Strong

2() 0.7 0.9 T Strong

21 1i) 0.8 Strong
22 O.S T Weak

23 ().7 0.8 1 NWeak
_-,7 O.S 0,9 T Strone
29 0)6(.7 T Strong

t O 7 , 0.9) 0.17 n a

u, (.97 0. 83 0).1- n a

Lyons a,,d Oisson (1973) calculated and plotted horizontal divergence in time-

distance coordinates. using the u-component of velocity based on the assumption that

all variations occurred along a two-dimensional axis (i.e. et/?y = 0). according to the

continuity equation. The inaxinium values for convergence that they calculated at the

lake breeze front was on the order of 2 x 10-3s-'. The values of convergence calculated

durine LASBEX exceed._-d 4 x 1 I)s-' at the head of the front, and at times were as much

as 12 x 10-'s - 1. The Naluc,, calculated from the vertical velocity field of the sodar are

believed to be a better representation of the actual divergence along sea breeze front.

because the values of vertical velocity were directly measured. The lake breeze studied

by Lyons and Olsson had lower computed values of maximum vertical velocity, around

0.105 to 0.130 i's, whereas during LASBEX, maximum vertical velocities were almost

an order of magnitude larger (i.e. 0.8 to 1.0 m s). This is further evidence that Lyons'

and Olsson's calculations may have been low and that the assumption of two-

dimensional flow was perhaps incorrect. Fig. 9 on page 35 shows the typical divergence

plots from Lyons and Olsson. Fig. 10 on page 36 is an example of the horizontal di-
vergence calculated from the vertical velocity field on 20 September 1987.
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LASBEX HORIZONTAL DIVERGENCE CROSS-SECTION
SEPTEMBER 1987
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Fig. 10. Divergence values of the LASBEX Study: Convergence at the front oc-

curs near 20.707 1 decimal day.
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2. Turbulent Kinetic Energy (TKE)

Since turbulence and mechanical mixin2 is highest within the head of the sea

breeze front, the locations of maximum TKE should coincide with those regions of

strong shear. strong convergence. or overturning flow that creates turbulent eddies. A

generai view of these regions was conducted using the standard deviations from the ve-

locity fields. The contours for TKE were calculated by squaring the standard deviations

from the three velocity components obtain their variance for substitution in equation

(3.7.). The values of TKE were then plotted in two hour format. IKE values were found

to be highest at the base and top of the gravity head, where the longitudinal vortex is

overturning and interacting with both the opposing flow and the vertical shear region

above the gravity head, corresponding to the area where horizontal flow is directed up-

wards and into the shear zone within the gravity head. The case study for 16 September

will show these characteristics.
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IV. CASE STUDY OF THE SEA BREEZE ON 16 SEPTEMBER 1987

A. MOTIVATION FOR STUDY

September 16, 1987 proved to be an unusual day since the sodar detected the pas-

sage of two sea breeze fronts. The sea breeze front that passed in the morning is the

2ubJc¢i 2." this car= stukdy. Tr, late sea breeze is currenty unider furtier investigatiull.

Since the 16th was unusual, WPL provided the lidar information gathered during the two

sea breeze passages. Surface observations and radiosonde observations were not avail-

able, but were deemed unnecessary in the comparison of the wind field structure of the

sea breeze that was detected by both the lidar and the sodar.

B. SYNOPTIC CONDITIONS

On 16 S.ptcmber. a sea level high pressure center of 1031 mb was located in the

eastern North Pacific Ocean. northwest of California. along with a weaker high presure

over A:lizona. A thei iral trough was present in the Central Valley of California and in-

tensiliCd during the day., which led to alongshore flow in the afternoon. Winds were

generally from the ncrthwest along the coast, with a reported wind speed of 5 in s from

due west at Monterey in the morning. The wind shifted to the northwesterly in the aft-

ernoon. Skies were generallV clear on the the 16th. The temperature was 560 F at .4 a.m.

local and rose to a maximum of 76' F later in the dav. Fig. II on page 38 shows the

synoptic conditions for this day.

C. WIND FIELD DATA AND ANALYSIS

1. WNind Direction and the Onset of the Sea Breeze

The wind direc'ion cross-section for 16 September was checked for a strong

changc ii wind direction with time that indicated the passage of the sea breeze front.
Th1e onset of the sea breeze occurred at 1753 UTC (0953 PST). At onset, the wind di-

rection veered from ISO0 to 3000. The temporal wind direction shift in this case was

900 in 12 minutes. The wind direction cross-section is shown in Fig. 13 on page 41.
Following this directional shift, a perturbation in wind direction occurred directly behind

the front. The wind di":ction in this pertubation at 50 meters was 1200, and ws con-

sidered to be the offshore flow being overriden at the base of the sea breeze front. The

presence ofthis pertubat:3n may possibly be explained by the "lobe" and "cleft" structure

that has bccn observed in the three-dimensional gravity head current. This pertubation
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Fig. 11. Synoptic Situation on 16 September: Solid lines are isobars.

is the area where the opposing current penetrates the gravity current head and causes a

"cleft- in frontal boundary. The "lobe- is the location of s.rongest flow at the front of
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the longitudinal vortex. If a "'cleft" passed the sodar site. the wind direction would

change rapidk. as the onshore flow of the sea breeze was interrupted by the opposing

flow and back to the onshore direction as the sea breeze is reestablished. The "'lobe" and

"cleft structure is shown in Fig. 12.

A complete directional shift of larger scale occurred about 16.78 decimal day

(IS43 UTC). The wind direction backed with decreasing height, and reached 60o at 50

meters. This region was at the same location as a maximum in downward vertical ve-

locity. A possible explanation for this area of directional shift with height is that the

descending air from the overturning leg of the longitudinal vortex affected the horizontal

inteurit% of the flow. The shift in wind direction occurred within the confines of sea

breeze front which was defined by the directional shear region at its boundaries. The

structure of the vertical velocit field which complements the wind shift region will be

discussed later in section .4.3.

The height of the directional shear zone slowly increased with time. The gradi-

ent in the this zone was l 80C over S3 meters and showed that the layer of marine air

deepened as the sea breeze became well established.

2. Wind Speed

In Fig. 14 on page 42, the increase in wind speed began at 16.75 decimal day

(ISOO UTC). Th, 6ind speed slowly increased from 2 m s to 3 m s in about 30 minutes.

The offshore flow on 16 September was above 8 m s at 450 meters, with speeds greater

than 4 m s down to 250 meters. When cross-sections were compared, the change in wind

speed occurred immediately after the change in wind direction. I lclnis (198 7 observed

a wind speed change from 3 m s to 5 m s in about four minutes across a sea breeze front

with offshore flow of 5 m s and a change from 2 m s to 3 m s over 15 minutes with flow

parallel to the shore.

The speed shear zone dividing the onshore and ofi(hhore flow was located be-

tween 250 and 350 meters. 1lelmis et al. (1987.) found that the top of the inflow layer

was between 100 and 200 meters; Simpson et al. (1977) observed that the speed shear

zone was near 600 meters at the head of the sea breeze front and decreased to 300 meters

after the front had passed; Lyons and Olsson (1973) observed average inflow layer

heights of 500m, ranging between 100 and 1000 meters; and Ogawa et. al. (196) ob-

served that the speed shear layer was between 150 and 320 meters.

The strong offshore flow (> 4 m s) was above 250 meters and decreased in in-
tensity with time as the heigit of the sea breeze increased. In Fig. 15, the maximm
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Fig. 12. Three Dimensional VieA of a Gravity Current Head: The "lobe" and
cleft" structure is shown. (from Simpson et. al.,1977)

wind speed after frontal passage was 10 ni s at 500 meters around 17.001 decimal day

(2400 UTC. The maximum wind speed observed b, Simpson et a. (197,7) during a sea

breeze was 1; m s under 200 meters; by Johnson and O'Brien (1973)) was 7.5 m s at an

elevation of 300 meters; bv Lyons and Qisson (1973) was 6.5 mn s at 200 meters, and by
Ogawa et al. (19S6) was 5.5 m s between 100 and 2u0 meters. The top boundary of the

sea breeze flow was not as csear1 evident in the wind speed cross-section as it was in the

wind direction cross-section, but there was a wind speed transition around 550 meters.

The wind maximum of 8 m. s above this level was associated with the ofrshore flow.

3. Vertical Velocity

In Fig. 16 on page 45, a maximum upward velocity of 0.6 l)s occurred shortly

after 16.75 decimal day (1800 UTC) and coincided with a "bump- in the wind direction

contour plot. This "bump" indicated the highest vertical extent of the gravity head

structure and was present in all the sea breeze fronts that passed the sodar site.
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Fig. 13. T%%o-Hour Cross-Section of WVind Direction (16 September 1987): Plot
begins at 1730 UTC through 1910 U-C.

.Maximum upward vertical velocities of 3 m s were observed by Ogawa et al. (1986) and

of 1.5 m s by t lelmris et al. (19S7). The top of the vertical velocity maximum, which is

marked by the zero vertical velocity, coincided with the bottom of the shear zone in the

direction and speed cross-sections. From the direction, speed and vertical velocity

cross-sections, the elevation at the head of the sea breeze front on 16 September was

between ISO and 220 meters. The depth of this same region observed by Simpson et.

al. (1977) was approximately 600 meters. The updraft region was located between 50
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0.4 m s over 5.6 minutes. This location is where vertical motion changed from ascent

to descent.

About 16.7917 dccimal day (1900 UTC), the vertical velocity contours indicated

the area where the sea breeze was reestablished after the penetration of the descending

leg of the longitudinal vortex. This evidence supports Simpson's theory that the gravity

head current is a possible description of the actual sea breeze frontal structure.

4. Standard Deviation of Vertical Velocity

The location of the strongest fluctuations in the vertical velocity is shown in

Fig. 17 on page 46. The highest standard deviations of vertical velocity occurred at the

base of the sea breeze front and around the upward leg of the longitudinal vortex. In

fact, the whole region of the sea breeze front showed the highest values of standard de-

viation. indicatin2 strong turbulence and vertical velocity fluctuations in this area.

The behavior of cr within the boundary layer has been found to follow certain

relationships (Caughey and Palmer. 1979). Since the o field was available, this re-

lationship was investigated. In Caughey and Palmer, c% was normalized using the

scaling velocity w.. Scaling velocity in the convective boundary layer is determined from

the heat flux based on the following equation (Ogawa et al.,1986):

=. (T ....v'' '(41

where

- acceleration due to gravitv (nm-),

0= mean potential temperature in the boundary layer (°C),

&( = sensible heat fl- at surface (ns- 10C)and

= depth of the mixed laxer (m).

The value of w.. could not be calculated since heat flux data were not available. How-

ever, over a period 30 minutes. the change in heat flux was considered to be negligible

and. therefore, the value of w. was also taken to be constant. The value of z, was found

as the height on the a. cross-section which was indicative of the base of the inversion

(i.e. where the values are decreasing quickly towards 0).

44



LASBEX VERTICAL VELOCITY CROSS-SECTION
SEPTEMBER 1987
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Fig. 16. Tito-Hour Cross-Section of Vertical Velocity (16 September 1987)

The values of a. -were plotted versus z/z, to compare with Ogawa et al. (19S6).
The emphasis of this comparison was on the distribution of a.. In Fig. IS on page 47

and Fig. 19 on page 4.S, the maximum value in a. occurred at z/z,= 0.25 for the pre-

frontal case and at /,=03 for the postfrontal. The heat flux was allowed to varv, so

that the maximum in Caughey and Palmer's (1979) curve matched the variance of the

acoustic sounder values of a. are at a maximum in comparison with z1Z, . The plot by

Ogawa et al. (1986) is shown in Fig. 20 on page 49.
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LASBEX SIGMA-W CROSS-SECTION
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Ocawa observed that the maximum value of the normalized c. occurred at z/z,

=0.3. TIhe values of r, decrease with height as Fig. 20, which contains the free con-

vection case as described by Cauchey and Palmer (1979). Contrary to Ogawa, the values

of a. in the LASBEX plots did not fall off as dramatically with height and at times ac-

tually increased with height. This was because of the strong offshore flow above 400

meters on 16 September caused more turbulence above the inversion. The wind profile "

that Wgawa observed decreased in intensity -with height above the inversion, which gave

lower values of a..
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Postfrontal Case. Solid curve = Caughey and Palmer (1979)
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5. Horizontal Dihergence

The divergence cross-section for the 16 September is shown in Fig. 21 on page

51. When compared with the wind direction cross-sections. the horizontal divergence

cross-section showed an area of convergence at the head of sea breeze front. FiE. 21

shows that the maximum values of convergence occurred at the head of and within the

sea breeze front. Values of convergence in these regions were up to S x 10-as-1. The first

re2ion is located at the top of the maximum in vertical velocity and the second is located

where the the longitudinal vortex is turning back into the foward flow. What is partic-

ularly notable is that this cross-section showed that the convergence followed the wind

shift boundary of the sea breeze front outlining the boundary of the gravity head struc-

ture, similar to the divergence fields of Lyons and Olsson (1973).
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LASBEX HORIZONTAL DIVERGENCE CROSS-SECTION
SEPTEMBER 1987
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were located in the sea breeze front where mechanical mrixing and vertical motion gen-

erated the greatest turbulence. The actual maxima in turbulent kinetic energy were lo-

cated in the region where the overturning airturned back into the forxard flow and at

the strong shear zone near the base of the front. The TKE cross-section for this day is

shown in Fig. 22 on page 5..
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D. LIDAR DATA

1. Color Coding

Color coding was used on the WPL lidar plots to show the intensity and direc-

tion of the radial velocity field. "Cool" colors were used for velocities towards the lidar,

whereas "warm" colors were used for velocities away from the site. The colors in each

case were graduated with the "cool" velocities graduated from green to blue to purple,

with green indicating slower speeds and purple indicating the highest speeds. The
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graduation for the "warni" colors was from tan to yellow to red, with tan being the

slowest speeds and red the highest speeds. White was used to indicated zero radial ve-

locities.

2. RHI Plots

The lidar information available for 16 September 1987 closely agreed with the

wind field produced by the sodar. The RHI on this day was primarily oriented on a line

of 900. The separation between the low level sea breeze and the intense offshore flow

was clearly indicated. The depth of this offshore flow started at 500 meters and had a

depth of 1200 meters. The flow above 2 km was onshore. About 1722 UTC, there was

an indication that the sea breeze front was moving away from the lidar site. This is

shown in Fig. 23 as an increase in the speed of the flow moving away from the lidar to

the east (right side of picture) at the lowest levels.

By 1735 UTC. the sea breeze had an estimated depth of about 200 meters. based on the

height of the radial velocity field in the lowest layer. This agreed with the depth of the

onshore flo,. determined by the sodar. which was between 200 and 250 meters. The

actual location of the sea breeze front was not determined due to the spatial resolution

of the output inlormation.

There was one R111 view of the sea breeze oriented down the Salinas Valley of

140&degree: it is shown in Fig. 24. The onshore flow was easier to detect at this ori-

entation because it

showed up as a deeper and stronger flow both towards and away from the lidar. The

speed of tne ofi snore flow from the Salinas Valley was weaker, with a radial velocity of

4 m s. The strong flow above the sea breeze (> 6 m s) was believed to be due to the

geography of the area and is explained in the next section.

3. PPI Plots

The PPI plots give a better indication of the offshore flow region and the

progress of the sea breeze front. The 5' elevation angle plots show a velocity maximum

at 520 meters of 8 m's. This is shown in Fig. 25 as a velocity maximum towards the

lidar from the northeast and the corresponding maximum away from the lidar towards

the southwest. The ele,-tion and orientation of this radial velocity maximum corre-

sponded very well with the sodar wind direction and wind speed cross-sections. A region

of wind speed of 7 m's with a direction between 600 and 90' was present above the sodar

site at the same time as the radial velocity maximum was above the lidar site. (Refer to

Fig. 13 on page -41 for the wind direction and Fig. 14 on page 42 for the wind speed.)
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.According to the lidar, the offshore flow was from the high terrain to the

northeast and from the gap in the coastal ranges where the San Juan Valley i located.

The strenth of this ofishore flow was attributed to the fact that the San Juan Valley is

an outlet of airflow for hie higher Santa Clara Valley which induced a strone ollbhore

current.

The PPI plots at 1V elevation showed the progression of the sea breeze front.

The convergence at the head of the front was detected as it moved in a general southeast

direction away from the lidar site. The lidar showed that the sea breeze front was in-

fluenced by the surrounding terrain. A: 1719. the sea breeze front r"as estimated to be

located at or around the lidar site, since some weak convergence was approximately 1.5

km south. As shown in Fig. 26. the sea breeze flow advanced northeast up to the high

terrain approximately 7 km due east of the lidar and north to the mouth of Elkhorn

Slough. At this time. the sea breeze front had not advanced at all into the Salinas Valley.

The high terrain to the east effectively blocked the further advance of the sea

breeze front at lower level,. The calculated height of the terrain at 7 km was about 120

meters. By 1743. the front had moved about 4.S km south and southeast from the lidar

and had began to move up Elkhorn Slough, noi th of the lidar. This is shown in

Fig. 27 on page 5S.

The estimated time of sea breeze frontal passage at the sodar site based upon

the lidar data was around I SU)O TlC and compared favorably with the time determined

from the sodar wind field data . which was 1 745 UTC. Using the lidar positions of the

convergence zone at the sea breeze front, the calculated speed of advance was 2.09 m s.

TIhis compared wcll with average speed of 2.54 m s calculatcd from surface data.

Flig. 2S on page 59 indicated that the sea breeze had completely filled the mouth of the

Salinas Valley and all low terrain to the east of the lidar by 1827 UTC.
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V. SUMMARY AND CONCLUSIONS

A. NIAPPING THE SEA BREEZE CIRCULATION
1. Accuracy of the Sodar and Lidar

Various features that have been produced in laboratory experiments such as the
flow regions of a gravity head current were observed during LASBEX. most notably the
structure in the frontal region where turbulence and mechanical mixing produce large

variations in velocity. This area is caused by the overturning of the longitudinal vortex
that makes up the major flow within the frontal region and its interaction with the am-

bient Ilows surrounding it.

The unique combination of the lidar and the sodar proved to be an effective

method to detail the structure of the sea breeze circulation. The instruments both per-

formed well in a marine environment. The sodar detected and mapped the passage of

the sea breeze front, whereas the lidar showed the separation between the onshore and
offshore flow. as well as the progress of the convergence zone associated with the sea

breeze front.
2. General Characteristics of the Sea Breeze Circulation

The general characteristics of the sea breezes that were observed during

LASBEX on the Monterey Bay Salinas Valley in September 1987 were similar in many
ways to those sea breezes seen in other studies.

The wind direction change over time was found to be an accurate indicator of

sea breeze onset. The times of onset were consistent, occurring around 17-42 UTC at the
sodar station, which was 6.5 km inland. Differences in the relative slope, speed and

gP,11cru1 ,hape of the sea breeze flow was observed for each front as it passed the sodar.

The di'fcctional shear in the vertical meausred by the sodar gave a good indication of the

depth of th'e onshore flow. The lidar presented a similar depth in the RI1Il scan.
The observed sea breezes advanced onto land with a mean speed of 2.54 m s.

and lasted between 8 and 13 hours. The maximurr height that the onshore flow achieved

averaged about 659 me- -rs vertically. The slope of the onshore flow measured using the
height of the directional shear zone gave values that ranged between 1:5 and 1:17 in the

first kilometer horizontailv of the flow and between 1:56 and 1:220 in the established

onshore flow. These %alues for the slope of the onshore flow compare favorably with

thos cited by Simpson et al. (197).
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The increase of wind speed and the maximum updraft region both occurred after

the change in wind direction. This agreed well with the location of the longitudinal

vortex wIthin the sea breeze front. The maximum wind speeds of the sea breeze recc:dcd

at the sodar were from 6 to 10 m s. Vertical velocities observed during the sea breeze

in the mouth of the Salinas Valley ranged between 0.2 and 1.0 m s and agreed with

typical values recorded in previous studies, such as Ogawa et al. (1986). The correlation

between depth of onshore fiow and the vertical extent of the updraft region was ob-

served. A larger area of upward flow was associated with weak offshore flow and a

deeper front. The location of downdraft regions corresponded to the descending leg of

the longitudinal vortex and gave a rough measure of the length of this current. On 16

September. the length of such a flow was found to be around 7 km long, and compares

well with the vortex observed by Simpson et al. (1977).

The horizontal divergence calculations made using the vertical velocity field

produced values of conxergence that at times were up to 12x10-3s-'. These were found

to be twice as laree as the v±iues calculated by Lyons and Olsson (1973) in a Chicago

lake breeze study. The convergence values calculated from the LASBEX vertical veloc-

itv field are believed to be the most accurate for the sea breeze front to date.

3. Tracking of the Sea Breeze Front

The lidar was able to detect and track the convergence zone associated with the leading

edge of the sea breeze front. The derived mean speed of advance agreed favorabl\ with

speeds derived through surface measurements at both the lidar and sodar. as well with

speeds seen in other studies. The depth of the offshore flow detected by the lidar was

over twice as large as the onshore flow, which is the typical dimension seen in other

studies. 1 lowever. the speeds in this offshore flow were either the same of larger than the

onshore flow. 1Ihis observation is contrary to those studies which saw that the speed

of the olls.hore flow was roughly half as fast as the onshore flow. In PPI, the lidar

showed how terrain affected the movement of the sea breeze front, such as halting the

advance of the sea breeze front and the movement of the onshore flow into Elkhorn

Slough.

B. RECOMMENDATIONS

Since many of the features of the sea breeze flow have been observed by the sodar.

further studies should concentrate using this versatile instrument to complete the dy-

namic structure of the sea breeze front, with concentration on the variations of the
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velocity components. These variations would help understand the dimensions and

structure of the tubfoulence within the sea breeze front.

As far as improvements in the mapping of the sea breeze structure, there was an-

other sodar which operated concurrently with the PSU sodar, but whose data was not

available at the time of this study. The combination of this stud\ and the data from the
other sodar would give a better view of the sea breeze structure and refine the actual

spatial dimensions of its associated flows.
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APPENDIX E. 24-HOUR WIND DIRECTION CROSS SECTIONS

A. NOTES

The cross-section for 23 September 1987 was too noisy between 23.95S and 24.208

decimal day. Data in this region were considered unusable.
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APPENDIX F. 24-HOUR WIND SPEED CROSS SECTIONS

A. NOTES

The cross-section f,-r 22 September 19S7 was too noisy between 23.958 and 24.083

decimal day. where the speeds are greater than 10 m s. Data in this region were con-

sidered unusable. - -

The cross-section for 23 September 1987 was too noisy between 23.958 and 24.208

decimal day. Data in this region were considered unusable.
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